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Abstract 
A laboratory prototype system that correlates murine blood absorbance with degree of infection for 
Plasmodium berghei and Trypanosoma avensi has been designed, constructed and tested. A 
population (n=6) of control uninfected, Plasmodium infected and Trypanosoma infected BALB/c 
mice were developed and spectral absorption measurements pre and post infection were made every 3 
days. A fibre optic spectrometer set-up was used as the basis of a laboratory prototype biosensor that 
uses the Beer Lambert Law to relate Ultraviolet–Visible–Near-infrared absorbance data to changes in 
murine blood chemistry post infection. Spectral absorption results indicate a statistically relevant 
correlation at a 650 nm with infection for Plasmodium from between 4 and 7 sampling days’ post 
infection, in spite of significant standard deviations among the sample populations for control and 
infected mice. No significant spectral absorption change for Trypanosoma infection was been detected 
from the current data. Corresponding stained slides of control and infected blood at each sampling 
date were taken with related infected cell counts determined and these correlate well for Plasmodium 
absorbance at 650 nm. 
Keywords: Biosensor, Absorbance, Spectroscopy, Plasmodium, Trypanosoma 
1. Introduction 
Human population infected by blood pathogens such as Plasmodium berghei and Trypanosoma 
avensi, viruses such as dengue, hepatitis, HIV and a broad range of bacteria are currently a significant 
public health issue globally and in Malaysia [1-4]. Malaria, in particular, leads to an estimated half a 
million deaths annually worldwide [5]. It is a potentially life threatening disease caused by the widely 
distributed Plasmodium protozoan parasite [6]. In addition, Plasmodium is pathogenic to a variety of 
vertebral hosts, including primates, rodents, birds, and lizards. Surprisingly, humans are the only host 
who suffered from severe diseases caused by Plasmodium. Malaria remains one of the most 
significant burden diseases in Sub-Saharan Africa, affecting people with the complications of cerebral 
malaria [7]. Recent reports show that Malaysia has the highest incidence of Plasmodium knowlesi 
infection in the world [8]. Therefore, early detection of malaria has been the subject of intense 
scientific research investigation over the past decades due to its high transmission, morbidity and 
mortality rate.        
             On the other hand, Trypanosoma species are the major cause of Chagas disease and African 
trypanosomiasis or sleeping sickness. While epidemics of sleeping sickness have been a significant 
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public health problem in the past, ongoing trypanosomiasis has been a significant public health 
problem with 7,000-10,000 cases annually in recent years [9]. Similar to malaria, early detection 
allows safer medication to be applied and reduces death rates, so routine screening of the exposed 
potential population is required [10].  
            Conventional screening methods such as rapid diagnostic test (RDT) and the card 
agglutination test (CATT) are widely used as screening tests to diagnose malaria and trypanosomiasis 
across the world [11, 12]. Studies have shown that these tests have their own limitations [13, 14]. 
Many studies are trying to develop a reliable, rapid, inexpensive and portable device to overcome 
some of those limitations [15, 16], and to the best of our knowledge, detection of Plasmodium and 
Trypanosoma parasites by using Ultraviolet–Visible–Near-infrared (UV–Vis–NIR) absorbance optical 
biosensors remains relatively unstudied [15-33].  
            There have been several studies on the detection of a wide range of analytes including viruses, 
toxins, drugs, antibodies, tumour biomarkers and tumour cells using optical biosensors [15]. Optical 
biosensors allow easy-to-use, rapid, portable, multiplexed, and cost-effective diagnosis when 
compared to other sensors types [16] and it has been shown that changes in a biological component 
can be detected using light absorption [15].  Due to the lysing of red blood cells in malarial diseases, 
changes in blood cell parameters are well a known feature of this infection [17]. Therefore, it is 
logical that spectral absorbance measured with an optical biosensor can detect changes due to 
Plasmodium infected blood in its early stages. However, unlike Plasmodium, Trypanosoma does not 
lyse blood cells and may therefore produce different spectral absorbance changes.  
 
            Blood pathogen detection by spectroscopic methods is based on the principle that the infecting 
agent cause the blood products to break down with a resulting change in the biochemistry of the 
sample that alters its spectral absorbance [17]. Murine Trypanosomiasis and Plasmodium malaria 
infection will therefore be used as an example for this type of spectroscopic identification and 
quantification but the same general principles and techniques apply to a broad range of other blood 
pathogens [15, 16]. 
                Optical sensing techniques can provide the required specifications for rapid, inexpensive 
and easy to use blood pathogen detection mechanisms based on related spectral changes cause by 
alterations in blood chemistry [15-18]. Spectral fingerprinting of biological and environmental 
analytics for detection and quantification is a well-established scientific technique and can be applied 
to infected blood samples provided that there are measurable spectral changes caused by the 
pathogen’s effect on blood chemistry [34, 35]. The spectral changes that can occur in infected blood 
may be directly detectable by measuring the absorption spectra of control and infected blood samples 
or it can be based on applying a biochemical assay to the samples to produce a secondary spectral 
effect such as fluorescence. While the latter may provide better detection limits, the required assays 
before spectral detection can be complex and time consuming [19, 20]. Direct quantification of whole 
blood sample absorbance changes that are related to factors such as presence and degree of infection, 
time since initial infection and possibly even type and strain of infectious agent can provide a much 
simpler and less expensive approach as it involves no complex assaying [21, 22]. Ideally, there should 
be significant absorbance changes occurring post-infection in key spectral regions, such as the UV–
Vis–NIR wavebands, that are related to specific target infection metrics and not to other potential co-
factors such as age, medical history or presence of other infectious agents. The limit of detection for 
spectral monitoring of infected blood will be a function of factors, such as the spectral variation in 
baseline healthy blood and temporal changes in blood chemistry post extraction, that are unrelated to 
the infection in question. The determination of an accurate inter and intra subject baseline and the 
related time window for observation is therefore a key metric in this research. 
            There are a number of studies that examine aspects of parasite infection using UV–Vis–NIR 
spectroscopy [22, 23] but further work to determine the viability of these spectral wavebands for 
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frontline early detection of blood pathogens is required. Other techniques such chemiluminescence, 
Fourier Transform Infrared Spectroscopy (FTIR) and related Raman spectroscopy can also have 
significant pathogen specific spectral information and high limits of detection but the related pre-
assaying and detection technologies can be quite complex and expensive [20, 21, 24]. More recently 
label free, rapid screening technique, Raman spectroscopy has been used for the 
characterisation/diagnosis of healthy and dengue infected human blood plasma samples [25]. There 
are extensive examples of the absorbance spectrum of various types of haemoglobin in the literature 
[36-41] and Firdous et al 2012 found that two prominent peaks in 500 – 6000 nm spectral region were 
observed for as a result of dengue infection of whole blood using relatively straight forward and 
inexpensive UV–Vis–NIR absorbance technology [22]. The development of a low cost spectral 
absorbance technique that can detect pathogens in freshly extracted whole blood is the basis for the 
research presented in this paper.  
 
2. Materials and methods 
2.1 Protocol for mouse infection data 
6-8 weeks old female BALB/c mice were used in this experiment under IMU ethics approval 
4.7/JCM-155/2018. Before the start of the experiment, cryopreserved Plasmodium. berghei and 
Trypanosoma evansi stored in liquid nitrogen were thawed and injected each into a BALB/c mouse 
intraperitoneally. Phosphate buffered saline (PBS) was used to obtain the desired number of parasites. 
In the order 1 x 10
6
 P. berghei parasites were injected into each mouse in the Plasmodium group (n = 
6) and a counted number of 50 T. evansi were introduced into each mouse from the Trypanosoma 
group (n = 6). For the control group (n = 6), 0.5 mL of PBS was introduced to simulate complications 
from injection. Once the presence of considerable amount of parasites was observed, the blood was 
collected by cardiac puncture method for experimental analysis and the infected mice were sacrificed 
by using diethyl ether.  Once the infected blood was collected, calculations were made by using WHO 
counting method for Plasmodium and haemocytometer for Trypanosoma. 
The testing of blood samples was performed in the morning of every 3
rd
 day with day 1 being 
the day prior to infection and day 4 being 2 days’ post-infection. On each sampling day blood was 
collected from tail incisions from each of the two infected and control populations (n = 6) and whole 
blood was placed in a specially designed sample holder, typically within 30 seconds to ensure a close 
in-vivo approximation. For each sample measurement a drop of blood, ~50 µL, was required to ensure 
the specially designed the sample holder was filled. In addition, photomicrographs of Giemsa stain 
blood were taken each sampling day from the 2 infected mouse populations and the control (x1000 
magnification) to compare to the results of contemporaneous spectral absorbance date and provide 
quantitative information on infections levels. The parasitemia of Plasmodium infected mice was 
determined using the WHO malaria parasite calculation method. The parasitemia of Trypanosoma 
infected mice was determined by counting the total number of trypanosome parasites from n = 10 
randomly chosen microscopic fields (x2000) and followed by calculation of the mean [42, 43]. 
 
2.2 Optical set up to determine absorbance of mouse blood. 
An optical set-up was designed, constructed and tested in line with the system outlined in the Firdous 
et al 2012 [23] as shown in Figures 2.1. The optics components used are all Ocean Optics fibre optic 
spectroscopy components (Ocean Optics, USA). An optically stable HL-2000-HP broadband UV–
Vis–NIR Tungsten lamp that was coupled via a 600 µm diameter fibre optic (QP-600-2-XSR) to a 
collimating lens (COL-UV-30) that was used to uniformly illuminate a 2 mm sample area from above 
the sample stage.  An inverted 96 well plate cover was used as a short path length sample holder due 
it’s shallow depth, given that blood is quite opaque in the visible and ultraviolet, with a cover slip 
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placed on top to ensure uniform blood sample depth and volume. As the depth of the cells on the 96 
well plate cover was 0.4 mm (+/- 0.1) and the diameter 8.5 mm (+/- 0.5) the resulting volume is 
approximately 22.5 µl. The well plate sample holders were then placed central to the 2 mm diameter 
sampling light beam on a horizontally mounted cuvette holder (CUV-UV). Another 600 µm diameter 
fibre optic (QP-600-2-XSR) and collimating lens (COL-UV-30) couple the light from the sample area 
to an Ocean Optics Maya 2000 spectrometer where the resulting UV–Vis–NIR spectra are acquired 
(Ocean Optics, USA).  
 
Figure 2.1. Schematic diagram of the key components of the optical system for measuring the UV–Vis–NIR spectral 
absorbance of control, Plasmodium and Trypanosoma infected mouse blood after Firdous et al 2012 [23]. 
` 
 
Figure 2.2. Experimental setup of the key components of the optical system for measuring the UV–Vis–NIR spectral 
absorbance of control, Plasmodium and Trypanosoma infected mouse blood. 
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Figure 2.3. Sample holder set-up, comprising an inverted 96 well plate cover and cover slip, for measuring the UV–Vis–NIR 
spectral absorbance of control, Plasmodium and Trypanosoma infected mouse blood samples, with a 0.4 mm (+/- 0.1) optical 
path length and approximately 22.5 µl volume.   
           The settings of spectrometer acquisition software were 15 ms integration time per scan, with 
100 scans per spectrum and with dark subtraction applied to maximize signal to noise. Spectral 
intensity data in the UV–Vis–NIR wavebands is then read into a computer running the OceanView 
spectrometer software and transmittance, T(λ), or absorbance, A(λ), is computed for later analysis. 
Transmittance and Absorbance spectra of the sample are computed by comparing the spectrum of the 
lamp at each wavelength, λ, when no blood sample is present, Io(λ), to the signal emanating from a 
blood sample, I(λ). The Beer-Lambert law then allows the resulting absorbance or transmittance 
spectra to be related to specific sample parameters such as a concentration, c, and molar absorption 
coefficient, ε(λ), for a fixed path length, l, according to equation 2.1. For the measurement setup 
shown in Figures 2.2 and 2.3, the optical path length, l, is determined by the 0.4 mm (+/- 0.1) depth of 
the inverted 96 well plate cover capped by the cover slip. Therefore, absorbance changes should occur 
if blood chemistry (i.e. ε(λ)) and/or concentration vary. Any concentration variation should not have a 
spectrally varying component across the UV–Vis–NIR but will just affect the overall absorbance at 
each wavelength. 
A(λ)= log (1 /T(λ)) = log (Io(λ) /I(λ)) = ε(λ)cl 
Equation 2.1 
             The optical set-up was calibrated using known coloured absorption filters with stated spectral 
transmittance in UV–Vis–NIR. A Roscolux, R27, Medium Red filter (Roscolux, USA) was 
considered to be the closest approximation of blood colour and was therefore used to test the system 
Blood absorbance [36-41]. Once calibration using the Roscolux Medium Red filter was confirmed as 
shown in figure 2.4, control and infected blood samples from the mice were tested. 
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Figure 2.4. Transmission spectrum of a Roscolux, R27, Medium Red filter (Roscolux, USA) as measured by the optical 
setup shown in Figure 2.3  (─), manufacturer’s data given every 20 nm is overlaid (o). 
 For the mouse blood spectra, 5 samples were measured for each of the n = 6 mice from the 
Plasmodium, Trypanosoma and control populations, this allows us to quantify the intra-mouse 
variation as well as the inter-mouse variation across the population (n = 6). In addition, the lamp 
output spectrum, Io(λ), was monitored on each sampling day to ensure the stability of the optical setup 
over the lifetime of the experiment.  
 
3. Results  
3.1 Microscopic slide examination  
Figures 3.1 to 3.5 show photomicrographs (x2000) of each population of mice, Plasmodium and 
Trypanosoma infected and the control taken on each of the 5 sampling dates. Figure 3.1 shows 
microscopic blood examination of control, Plasmodium and Trypanosoma mice blood on day 1 with 
all presenting healthy red blood cells as per the control and no sign of pathogen can be seen in slides 
(b) and (c) as expected. The intended mouse populations for Plasmodium and Trypanosoma infection 
were inoculated the following day (i.e. day 2). On day 4, which is 2 days after infection, and day 7 the 
respective microscope pictures in Figures 3.2 and 3.3 show no sign of trophozoites and 
trypomastigotes in slides (b) and (c). In Figure 3.4 trophozoites and trypomastigotes can start be seen 
in in slides (b) and (c) on day 10, with significant evidence of infection visible on day 13 in Figure 3.5 
slides (b) and (c). The photomicrographs in Figures 3.1 to 3.5 are qualitative to indicate the presence 
of infection, cell counting methods provide the quantitative data for correlation with the spectral data 
[42, 43]. 
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Figure 3.1. Photomicrographs of Giemsa stain blood film on day 1 pre infection: (a) Control (b) Uninfected with P. berghei 
(c) Uninfected with T. evansi (x2000 magnification) 
 
Figure 3.2. Photomicrographs of Giemsa stain blood film on day 4 post infection: (a) Control (b) Infected with P. berghei (c) 
Infected with T. evansi (x2000 magnification) 
  
Figure 3.3. Photomicrographs of Giemsa stain blood film on day 7 post infection: (a) Control (b) Infected with P. berghei (c) 
Infected with T. evansi (x2000 magnification) 
 
Figure 3.4. Photomicrographs of Giemsa stain blood film on day 10 post infection: (a) Control (b) Infected with P. berghei 
(c) Infected with T. evansi (x2000 magnification) 
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Figure 3.5. Photomicrographs of Giemsa stain blood film on day 13 post infection: (a) Control (b) Infected with P. berghei 
(c) Infected with T. evansi (x2000 magnification) 
 
Tables 3.1 and 3.2 show the increase in parasite count post infection for Plasmodium and 
Trypanosoma respectively which indicates varying degrees of infection by day 13.  The WHO method 
was applied for Plasmodium [42] and for Trypanosoma the number parasites were averaged across 10 
randomly sampled fields (x2000) [43]. The presence of the infectious agents only presented in the 
blood cell micrographs from day 10, probably due to the life cycle and aetiology of Plasmodium and 
Trypanosoma. There is a standard deviation of around 16% across the 10 randomly sampled fields for 
each Trypanosoma infected mouse but the variance across the related infected mouse population (n = 
6) is very large. The standard deviation for the WHO method applied to the Plasmodium infected 
mouse group is considerably smaller. Trypanosoma and Plasmodium are two totally different blood 
parasites in which Trypanosoma evansi are found extracellularly (outside of the blood cells) whereas 
Plasmodium berghei are intracellular parasites found inside the RBC. Thus, the mechanism of 
pathophysiology of these two parasitic infection would be different. The amount or load of parasites 
used in this study was based on the literature review where other researchers have optimised the 
number of parasites for infecting the animals. 
 Plasmodium 
infected 
mouse 
Day 1 Day 4 Day 7 Day 10 Day 13 
Plasmodium 
(parasitaemia 
per µL) 
 
1 0 0 0 312,452 778,475 
2 0 0 0 347,235 724,643 
3 0 0 0 301,242 705,368 
4 0 0 0 345,264 743,634 
5 0 0 0 325,573 744,864 
6 0 0 0 322,232 763,796 
Average 0 0 0 325,666 743,463 
Std.Dev. 0 0 0 18,068 26,255 
Table 3.1. Parasitaemia of Plasmodium infected mice determined by microscopic method from the WHO [42]. 
 Trypanosoma 
infected 
mouse 
Day 1 Day 4 Day 7 Day 10 Day 13 
 Trypanosoma 
(parasitaemia 
per field) 
 
1 0 0 0 30 68 
2 0 0 0 15 52 
3 0 0 0 14 32 
4 0 0 0 0 12 
5 0 0 0 5 10 
6 0 0 0 1 9 
Average 0 0 0 11 31 
Std.Dev. 0 0 0 12 26 
Table 3.2. Parasitaemia of Trypanosoma infected mice determined by microscopic method with a x2000 field [43]. 
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3.2 Spectral absorbance measurement 
For each mouse in the population (n = 6) across the two infected and control populations five spectra 
from distinct blood samples were measured each day in addition to the light source to ensure the 
optical set-up was stable. Typical spectral intensity data for the lamp on each of the five sampling 
days and a control mouse on day 1 are shown in Figure 3.6. For this data typical lamp spectra on each 
of the five sampling days are overlaid to show that the optical set-up remained sufficiently stable (+/-
1%) over the lifetime of the 13-day experiment. While the overlaid control blood spectra recorded on 
day 1 for the same mouse indicate the typical inter-mouse spectral variance (+/-1%) for five 
concurrent samples (n = 5). The lamp intensity spectra (I0(λ) and blood intensity spectra (I(λ) and are 
used to calculate spectral absorbance and can therefore be related to blood chemistry, using the Beer 
Lambert in equation 2.1.  
 
Figure 3.6. Typical spectral intensity for the lamp on each of the five sampling days (blue) and for concurrent samples (n = 
5) of a control mouse blood on day 1 (green). 
Figure 3.7 shows the average absorbance spectral for the control mice (n = 6) on each of the 
five sampling dates which indicates the baseline absorbance spectrum was reasonably constant.  
Figure 3.8 shows the average of the concurrent absorbance spectra for the Plasmodium infected mice 
(n = 6) on each of the five sampling dates which indicates that the absorbance spectra were initially 
similar to that of the control baseline but an increase in absorbance in the 650 nm region occurred as 
the infection progressed. Figure 3.9 shows the average absorbance spectral for the Trypanosoma 
infected mice (n = 6) on each of the five sampling dates which indicates that the absorbance spectra 
were largely similar to that of the control baseline in the 650 nm spectral region and with no other 
significant spectral change evident in the data as presented. The absorbance date below 600 nm is 
quite variable for all samples but no significant correlation was found with time since infection in this 
spectral region apart from day 13 for Plasmodium when significant increases in absorbance occurred 
at 440 nm, 550 nm and 575 nm. Given the low light intensity levels below 600 nm for the highly 
absorbing blood and the lower lamp output in this spectral region, as shown in Figure 3.6, a very low 
signal to noise ratio can be expected below 600 nm, causing apparent saturation of the absorbance 
data, thus making the data in this spectral region quantitatively unreliable for the current optical set-
up.           
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Figure 3.7. The average absorbance spectral for the control mice (n = 6) on each of the five sampling dates. 
 
Figure 3.8. The average absorbance spectral for the Plasmodium infected mice (n = 6) on each of the five sampling dates 
showing significant absorbance variation at 650 nm and in peaks below 600 nm on day 13. 
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Figure 3.9. shows the average absorbance spectral for the Trypanosoma infected mice (n = 6) on each of the five sampling 
dates. 
    Based on the spectral data in Figures 3.7 to 3.9 a statistical analysis was carried out on the 
absorbance at 650 nm for all three mouse populations. Figure 3.10 shows the absorbance of the 
control population over the 5 sampling dates at 650 nm which determines the baseline in this spectral 
region. Figure 3.11 shows the absorbance of the Plasmodium infected population over the 5 sampling 
dates at 650 nm which indicates a significant increase in absorbance as the infection progresses, 
particularly on days 10 and 13, as indicted in table 3.1. Figure 3.12 shows the absorbance of the 
Trypanosoma infected population over the 5 sampling dates at 650 nm which indicates no similar 
significant increase in absorbance as the infection progresses, as indicted in table 3.2. Similar analysis 
was carried out on the absorbance features that are evident below 600 nm for all 3 mouse populations 
but no significant trend was found over the 5 sampling dates apart from plasmodium on day 13.  
 
Figure 3.10. Boxplot of absorbance at 650 nm for the sample mice (n = 6) for the control group. 
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Figure 3.11. Boxplot of absorbance at 650 nm for the sample mice (n = 6) for the Plasmodium group. 
 
Figure 3.12. Boxplot of absorbance at 650 nm for the sample mice (n = 6) for the Trypanosoma group. 
 The data in Figure 3.11 for plasmodium absorbance at 650 nm compares favourably with the 
infection level data presented in Table 3.1 and is correlated in Figure 3.13. However, as the cell 
counting methods used for the infectious agents failed to quantify any infection levels on days 4 and 
7, the correlation is carried using the data from Days 1, 10 and 13 and linear calibration curve applied. 
For Trypanosoma the variance across the infected mouse population on days 10 and 13 was too great 
to provide a reliable absorbance calibration.    
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Figure 3.13. Plasmodium infected blood absorbance at 650 nm versus infection level on sampling days 1, 10 and 13. 
 
4. Discussion  
From the graph of Boxplot for the Plasmodium group in Figure 3.11, we can clearly see that there is 
an upward shift in the distribution of the data over time. Hence, we naturally we would like to 
determine if there is a significant difference in the central location (median) of the data with respect to 
time. The data does not appear to be normally distributed with equal variances and the sample size in 
this study, n = 6 is rather small.  Since the assumptions for traditional statistical analysis are not met, 
we preferred to apply the non-parametric test namely, Sign Test to determine whether or not there has 
been a significant difference in the median over time.  
In order to conduct the test, let k denote the median for Dayk (k = 1, 4, 7, 10, 13) and the 
hypothesis is formulated as follows: 
HO: k − 1  [There is no difference in the median between Dayk and Day1]
HA: k − 1 [Median of Dayk  is greater than Day1] (k = 4, 7, 10, 13) 
Table 4.1. Sign test results for Plasmodium absorbance data at 650 nm. 
 
Variable 
 
n 
 
Below 0 
 
Above 
0 
 
p-value   
 
Median 
 
Lower 
Confidence 
Level 
Upper 
Confidence 
Level 
Day4 − 
Day1 
6 3 3 0.6563 0.0235 − 0.0230 0.0867 
Day7 − 
Day1 
6 1 5 0.1094 0.0690 − 0.0143 0.1266 
Day10 − 
Day1 
6 0 6 0.0156 0.1260 0.0586 0.1859 
Day13 − 
Day1 
6 0 6 0.0156 0.1570 0.0836 0.2734 
 The -level was set 0.05 and the results of the tests are listed in Table 4.1. 
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The p-values are listed out in column 5 of Table 4.1 and we notice that the p-value for the 
difference of the median between Day4 and Day1 is 0.6563 which is greater than 0.05, thus rendering 
insufficient evidence to reject HO. Similarly, the p-value for the difference of the median between 
Day7 and Day1 is 0.1094 which is also greater than 0.05, thus again rendering insufficient evidence to 
reject HO.  
 
However, for the other days (i.e. difference of the median between Dayk (k = 10, 13) and 
Day1, the p-values are smaller than 0.05 indicating there is sufficient evidence to reject HO. We 
therefore, conclude that there are significant differences of the median between Dayk (k = 10, 13) and 
Day1. 
In addition, in columns 7 and 8 of Table 4.1, the 95% Sign Confidence Intervals for the 
median are listed out. Observe that the value of zero is not contained in the 95% confidence intervals 
for differences of the median between Dayk  (k = 10, 13) and Day1 thus indicating that there are 
significant differences and an upward shift has occurred. 
A similar statistical analysis was also undertaken for the Trypanosoma group. From the graph 
of Boxplot in Figure 3.12, we can clearly see that there is an upward shift in the distribution of the 
data until Day10 and then a drop for Day13. 
Thus the hypothesis are formulated as follows for k = 4, 7, 10 only. 
HO: k − 1  [There is no difference in the median between Dayk and Day1]
HA: k − 1 [Median of Dayk  is greater than Day1] (k = 4, 7, 10) 
The -level was set 0.05 and the results of the tests are listed out in Table 4.2. The p-values are listed 
out in column 5 of Table 4.2 and we notice that the p-value for the difference of the median between 
Day4 and Day1 is 0.1094 which is greater than 0.05, thus rendering insufficient evidence to reject HO. 
Table 4.2. Sign test results for Trypanosoma absorbance data at 650 nm.  
Variable n Below 
0 
Above 0 p-value   Median 
 
Lower 
Confidence 
Level 
Upper 
Confidence 
Level 
Day4 − 
Day1 
6 1 5 0.1094 0.0605 − 0.0018 0.0983 
Day7 − 
Day1 
6 0 6 0.0156 0.1230 0.0620 0.1510 
Day10 − 
Day1 
6 0 6 0.0156 0.1095 0.0834 0.1543 
 However, for the other days (i.e. difference of the median between Dayk (k = 7, 10) and Day1, 
the p-values are smaller than 0.05 indicating there is sufficient evidence to reject HO. We therefore, 
conclude that there are significant differences of the median between Dayk (k = 7, 10) and Day1. 
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In addition, in columns 7 and 8 of Table 4.2, the 95% Sign Confidence Intervals for the 
median are listed out. Observe that the value of zero is not contained in the 95% confidence intervals 
for differences of the median between Dayk  (k = 7, 10) and Day1 thus indicating that there are 
significant differences and an upward shift has occurred until Day10. 
For the Plasmodium infected absorbance at 650 nm calibration curve in Figure 3.13, let yi 
denote the absorbance reading and xi the infection level (i = 1, 2, ...,13). A linear model, 𝑦𝑖 = 𝛽0 +
𝛽
1
𝑥𝑖 + 𝜀𝑖, was fitted to the data set and the fitted line is given by 𝑦 = 0.69797 + (2.3 × 10−7)𝑥. Both the 
coefficients were found to be significant at the  = 0.05 level. The R2 value and adjusted R2 were 
found to be 68.8% and 66.8%, respectively. 
 
 
5. Conclusions 
A novel prototype laboratory set-up for measuring the absorbance of control, Plasmodium and 
Trypanosoma infected mouse blood has been designed, constructed and tested. The increasing level of 
absorbance at 650 nm suggests that the molar absorptivity of Plasmodium infected mice blood is 
changing due to the pathogenesis of the disease which affects red blood cells [28, 29]. The 
Plasmodium infected blood shows significant absorbance differences at 650 nm, from the control 
baseline blood, occur between day on 10, which is days’ post infection. However, there is some 
evidence from Figure 3.11 and the corresponding p values (0.109) that the effect may be detectable 
sometime after day 7, which is 5 days’ post infection.  
Similarly, the microscopic cell counting methods applied showed no sign of Plasmodium 
infection until day 10. On the other hand, the absorbance at 650 nm for Trypanosoma infected blood 
shows no significant variation from the control baseline blood absorbance spectrum over the same 
sampling time period (i.e. 13 days). The disparity between these two results can be explained by the 
differing pathogenesis of respective infecting agents. Unlike Plasmodium which causes destruction of 
red blood cells, Trypanosoma targets the host’s tissues and organs showing a multiplication of 
trypomastigotes [44]. The absorbance results for Plasmodium infected blood at 650 nm are also in line 
with stained microscope samples of the blood and the corresponding infection level assay data. For 
Trypanosoma the standard deviation in increasing infection levels by day 13 was very large for the 
given population (n = 6) using the method applied, an improved method needs to be applied in future. 
The changes in Plasmodium infected blood absorbance at 650 nm are correlated to the WHO infection 
level data, which provides an initial calibration curve for the optical system.  
 Based on the results to date, the next phase of the research will be to further analyse the 
existing absorbance data for normal and infected mice to see if any, as yet undetected, spectral 
signatures exist for Trypanosoma infection and further analyse Plasmodium infected absorbance to 
data. Particularly below 600 nm where the signal to noise for the optical system presented here was 
too low to determine any significant spectral signatures that correlate with either infection. Principles 
components methods such as Singular Value Decomposition can be applied in this regard to 
investigate all relevant regions of the absorbance spectra [45, 46]. From an experimental design 
perspective, the signal to noise of the system can be enhanced by increasing the light source intensity 
and using a more sensitive detection system that specifically targets the key features of the spectral 
signatures detected. For example, rather than use a generic spectrometer system such as the Ocean 
Optics Maya 2000, a wavelength specific illumination/detection optical system can be developed 
using high intensity LEDs and sensitive photodetectors. This next generation laboratory based optical 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
16 
 
prototype can then form the basis for a commercial prototype system which can determine spectral 
signatures of blood, possibly in-vivo using fibre optic micro-probes [34, 35]. The key result from a 
second generation laboratory prototype would be to confirm the accuracy of the absorbance versus 
infection calibration curve shown in Figure 3.13 to improve the limit of detection and minimise the 
detection time post infection.       
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A laboratory prototype system that correlates murine blood absorbance with degree of infection for 
Plasmodium berghei and Trypanosoma avensi has been designed, constructed and tested.  
Spectral absorption results indicate a statistically relevant correlation at a 650 nm with infection for 
Plasmodium from between 4 and 7 sampling days’ post infection, in spite of significant standard 
deviations among the sample populations for control and infected mice.  
No significant spectral absorption change for Trypanosoma infection was been detected from the 
current data.  
Corresponding stained slides of control and infected blood at each sampling date were taken with 
related infected cell counts determined and these correlate well for Plasmodium absorbance at 650 
nm. 
ACCEPTED MANUSCRIPT
